INTRODUCTION
Currently, internal integrity verifications of a part are achieved on a slice-by-slice basis. Due to the curvy nature of the part and because flaw features can spread in any location and in any direction, 2-D image analysis may produce inaccurate measurements and lowsensitivity flaw detectability which can lead to ambiguities in decision making. By utilizing the 3-D spatial correlations presented in the volumetric data set, accurate measurement and enhanced flaw detectability can be achieved by volumetric processing and analysis,. For instance, cracks are very difficult to detect using 2-D processing when X-ray projection plane cuts through the cracking direction of an elongated flaw as shown in Figure 2 (a). This is due to the low signal-to-noise ratio of the data on a single slice basis. However, because the signals are correlated in the complete 3-D space, enhanced flaw detectability can be easily obtained using 3-D volumetric processing and analysis. In addition, accurate wall thickness measurements can be achieved only when the normal of the projection plane is perpendicular to the surface normal of the inspected wall. However, in practice, this requirement cannot be met easily due to the curvy nature of the part. Inaccurate measurements may result when wall thickness measurements are performed on a slice-by-slice basis, as shown in Figure 2 (b). In order to achieve full-coverage inspection to ensure material integrity and geometry accuracy, true 3-D analysis is required. A modality-independent voxel processing demonstrator has been designed and developed to achieve full-volume inspection. A three-dimensional voxel organized data structure can be constructed from a stack of two-dimensional CT slices, reconstructed from a three-dimensional cone-beam configuration, or constructed from threedimensional ultrasonic wave data.
Volumetric visualization is an emerging computer graphic technique which has been applied to the evaluation of three-dimensional CT images for both medical and industrial applications. It abstracts the contents of the data set into two-dimensional screen display to aid the diagnostic and inspection. Large quantity volume elements data set can be represented in an abstract form. Software for volumetric visualization of three-dimensional CT data sets is now becoming widely available, but the need for software for detailed quantitative volumetric analysis is only now being generally recognized. GE-CRD anticipated this need as early as 1988, and has made major advances in the state of the art of three-dimensional image processing and analysis. A modality-independent Volumetric Integrity Verification and Analysis (VIVA) workstation, as illustrated in Figure I , has been designed and developed to process and analyze three-dimensional image data for flaw detection, material characterization, and quantitative 3-D geometrical measurements.
The challenges of 3-D voxel processing and analysis include the dealing of large volumetric data set, the required processing speed and throughput, the computational complexity, and the previous lack of 3-D processing and analysis algorithms for material volume characterization and 3-D nonplanar feature analysis. A decomposition scheme is applied by GE-CRD to map these computation-intensive problems into a massively parallel threedimensional mesh-connected grain-structured processing architecture. Integrating the threedimensional image processing and analysis algorithms, the three-dimensional flaw characterization and accurate three-dimensional quantitative measurements can be achieved.
In order to efficiently access 3D-connected volume elements (voxels) during processing and enable to map the large 3D data set into physically limited memory capacity in a distributed parallel processing environment, a connectivity-conserved data decomposition scheme is applied. A 3-D volume data set is decomposed into a set of voxel sub-cubes where each voxel sub-cube represents a sub-volume in 3-D space. A voxel organized data structure is designed with this decomposition scheme in mind not only for volume data access but also for parallel processing mapping. A data package structure is setup to store the voxel sub-cube where global information such as its relative position in the world coordinate system as well as self-contained information are stored to preserve the complete 3D geometry information.
In order to handle the large data sets and the associated computation complexity in processing 3-D images, a parallel processing architecture is crucial to enable rapid processing, analysis and interpretation of the data. A scalable parallel processing architecture has been designed and established. The volumetric data sets can be processed and analyzed with either a conventional workstation or a parallel computer where the volumetric processing and analysis can be scaled with the size of the data and the computing resource. A scalable threedimensional mesh-connected processing architecture has been designed, implemented and validated on the Meiko computing surface with 1-128 T800 transputers and 1-61860 processors. A transport-naming scheme and local/global communication protocol were designed to achieve a single program multiple data (SPMD) programming environment in a massively parallel processing architecture with the ability to scale up both the number of processing elements and the size of the data. The processing architecture provides a practical, threedimensional inspection capability for critical engine parts. Greater acceleration can be resulted from the increasing performance of each processor element used in the grain-structured processing architecture.
To overcome the lack of truly 3-D algorithms, GE-CRD has developed local and global voxel processing algorithms as well as 3-D feature analysis algorithms. Typical examples include 3-D local convolution, 3-D local feature extraction, 3-D mathematical morphology operators, 3-D connected-component labeling, curve tracking, surface extraction, texture analysis, volume characterization, and non-planar feature analysis. Approximately two hundreds scalable processing modules for three-dimensional data management, local operations, mathematical morphology operations, gray-scale volume labeling and segmentation, quantitative geometric measurement, and volume characterization have been developed and validated on experimental three-dimensional X-ray CT data and three-dimensional ultrasound waveform data set.
APPLICATIONS
The 3-D connectivity of the volume element data set makes it possible to preserve both local and global features in 3-D space after performing 3-D image enhancement. For instance, 3-D interpolation not only increases the sampling rate of the data set, which will lead to better image quality for enhanced flaw detectability, but also preserves both local and global features for accurate volumetric geometric measurements. At GE Aircraft Engines, analyzing volumetric imaging data with a stack of CT slices for engineering analysis and material assurance and understanding are the major tasks for design cycle reduction and product quality improvement. The GE-CRD developed VIVA workstation has played a major role in analyzing these data sets and provided quantitative engineering information for the comprehensive design understanding and early product knowledge during the design cycle. The package has been successfully applied to hundreds of data sets over the last several years. Advantages of 3D processing and analysis on a wide range applications have been demonstrated.
Hiflh-Sensitivity 3-D Flaw
Detection -Experimental 3-D X-ray data sets of a titanium test block with embedded "hard-alpha" defects have been examined with voxel processing and analysis algorithms. Volumetric X-ray CT images were acquired using X-ray Inspection Module (XIM) at the Quality Technology Center. and has successfully demonstrated the 3-D quantitative porosity sizing and distribution characterization capability of the 3-D VIVA package. For this particular part of interest, cracks were presented in the high stress region due to high concentrated porosity distribution. Quantitative porosity sizing and distribution characterization are essential to establish inspection criteria for integrity assurance. Volumetric X-ray CT images of an aluminum casted part were acquired at the Industrial X-ray CT system at GEAE Quality Technology Center.
Figure 4(a) shows a cross-section X-ray CT image of the part. The contrast between the porosity region and the background is approximately 10%. The surface rendering results of the volumetric X-ray CT image are shown in Figure 4(b) . To extract the porosity regions, the 3D mathematical morphology closing residual operation is applied to the volumetric data set. Then, 3D connected-component labeling algorithm is used to segment the porosity for size quantification. The porosity regions are then categoried into four groups based on the size of each porosity region. For each range of the porosity size, a color-code is assigned. The porosity regions with the porosity size greater than 200 voxels and 700 voxels are shown in 
3D Soft and Hard
Material Set:mentation -Experimental 3-D X-ray voxel data sets of a switch, as shown in Figure 5 (a), containing both soft and hard material have been examined. Due to the nature of partial volume effect of the CT reconstructed images, high density region (hard material) are always wrapped around with a thin low density shell. A sagittal view of the volumetric CT image is shown in Figure 5 (b).
Threshold-based segmentation method is not applicable to distinct the soft material region from the partial volume effect around the hard material region. Accurate 3D Quantitative Geometry Measurement -The 3D X-ray data set of an engine blade has also been evaluated to quantify 3D measurements of the laser-drilled holes. Figure 7 (a) shows a set of CT cross sections of the turbine blade with both horizontal and vertical laserdrilled hole features. The surface rendering result of the volumetric data set is presented in Figure 7 (b). First, the laser-drilled hole features are extracted by using the 3D gray-scale mathematical morphology operation. The rendering result of the extracted laser-drilled holes is shown in Figure 7 (c). Then, the 3D connected component labeling technique is employed to identify each of the laser-drilled hole for quantitative 3D measurements. For each of the laserdrilled hole, 3D feature measurement algorithms are applied to provide quantitative information for design and manufacturing feedback. Figure 7(d) shows the 3D quantitative measurements result of the location, orientation, radius, and dimensions of each laser-drilled hole using the GE-CRD's VIVA workstation. 
CONCLUSIONS
The system overview of the Volumetric Integrity Verification and Analysis (VIVA) workstation has been described in this paper. The benefits of utilizing three-dimensional connectivity to achieve enhanced flaw detectability and accurate quantitative three-dimensional measurements have been demonstrated with experimental volumetric X-ray CT data sets.
